Introduction {#S0001}
============

Thyroid cancer, the most common malignant endocrine tumor, accounts for about 2% of all newly diagnosed cases of cancers globally.[@CIT0001] The morbidity of thyroid cancer has been increasing year by year worldwide.[@CIT0002] Thyroid cancer can be divided into four major histological subtypes, including papillary thyroid cancer (PTC), follicular thyroid cancer, poorly differentiated carcinoma, and anaplastic thyroid cancer.[@CIT0003] PTC is the most prevalent histological subtype of thyroid cancer and accounts for approximately 85--90% of all thyroid cancer cases.[@CIT0004] Currently, thyroidectomy, in combination with radioiodine ablation and thyroid-stimulating hormone-suppressive therapy, is the primary treatment for patients with PTC.[@CIT0005] Most patients exhibit improved therapeutic outcomes after standard therapy; however, patients diagnosed at an advanced stage have a poorer prognosis.[@CIT0006] Therefore, elucidating the underlying molecular mechanisms that contribute to PTC pathogenesis and development is imperative for the identification of novel therapeutic techniques for the treatment of this disease.

MicroRNAs (miRNAs) are a series of non-coding short RNA molecules approximately 17--21 nucleotides long. They are implicated in the regulation of gene expression by directly interacting with partially complementary sequences in the 3′-untranslated regions (3ʹ-UTRs) of their target genes, which causes translational suppression and/or mRNA degradation.[@CIT0007] It is estimated that over one half of all miRNAs are located at cancer-related chromosomal regions, suggesting that miRNAs may play important roles in carcinogenesis and cancer progression.[@CIT0008]--[@CIT0010] Numerous studies have emphasized the crucial roles of dysregulated miRNAs in the malignant progression of PTC.[@CIT0011]--[@CIT0013] miRNAs are involved in the formation and progression of PTC by affecting numerous biological processes, such as cell proliferation, the cell cycle, apoptosis, and metastasis.[@CIT0011] miRNAs that are upregulated in PTC play oncogenic roles through the regulation of tumor suppressor genes,[@CIT0014],[@CIT0015] whereas miRNAs that are downregulated in PTC have tumor suppressor activity by directly targeting oncogenes.[@CIT0016],[@CIT0017] Accordingly, miRNAs may be attractive biomarkers for the diagnosing, treating, and predicting the prognosis of patients with PTC.

Long non-coding RNAs (lncRNAs) are members of the non-coding RNA family that are longer than 200 nucleotides and have no protein-coding function.[@CIT0018] An increasing number of studies have demonstrated that lncRNAs have important regulatory roles in nearly all cellular physiological and pathological processes.[@CIT0019]--[@CIT0021] Specifically, lncRNAs are aberrantly expressed in PTC and their aberrant expression contributes to the aggressive behavior of PTC through their interactions with proteins, miRNAs, or mRNAs.[@CIT0022] Thus, exploring the influence of lncRNAs on the development of malignant PTC is essential for the development of effective treatment strategies for PTC.

miR-675-5p (miR-675) is dysregulated in multiple types of human cancer.[@CIT0023]--[@CIT0027] However, the expression level, biological roles, and underlying mechanisms of miR-675 in PTC remain largely to be investigated. Therefore, in this study, the expression pattern of miR-675 in PTC was examined and the regulatory effects of miR-675 on PTC progression were determined by a series of in vitro experiments. Furthermore, the underlying molecular mechanisms of miR-675 in regulating PTC progression were also explored.

Materials and methods {#S0002}
=====================

Human tissue specimens {#S0002-S2001}
----------------------

This study was approved by the Ethics Committee of JinLing Hospital and was performed in accordance with the Declaration of Helsinki. All participants provided written informed consent before surgical resection. PTC and adjacent normal tissues were collected from 57 patients who received surgery at JinLing Hospital. None of the patients enrolled in our current study had been previously treated with oncological surgery, chemotherapy, or radiotherapy. All tissues were snap-frozen in liquid nitrogen and transferred to −80 °C until further use.

Cell culture {#S0002-S2002}
------------

Three PTC cell lines (HTH83, BCPAP, and TPC-1) and a normal human thyroid cell line (HT-ori3) were purchased from American Type Culture Collection (Manassas, VA, USA). All cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% v/v heat-inactivated fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin (all from Invitrogen, Carlsbad, CA, USA). Cells were maintained at 37 °C in a humidified incubator supplemented with 5% CO~2~.

Transfection assays {#S0002-S2003}
-------------------

miR-675 mimics, miRNA mimic negative control (miR-NC), miR-675 inhibitor and NC inhibitor were purchased from RiboBio (RiboBio, Guangzhou, China). Full-length MAPK1 sequences lacking the 3ʹ-UTR were chemically synthesized by GenePharma (Shanghai, China) and cloned into pcDNA3.1 plasmid to construct MAPK1 overexpression plasmid (pc-MAPK1). Small interfering RNAs (siRNAs) against MAPK1 (si-MAPK1) and RMRP (si-RMRP) and negative control siRNA (si-NC) were purchased from the Chinese Academy of Sciences (Changchun, China). Cells were plated onto 6-well plates at a density of 5×10^5^ cells/well. After an overnight incubation, cells were transfected with miR-675 mimics (100 pmol), miR-NC (100 pmol), miR-675 inhibitor (100 pmol), NC inhibitor (100 pmol), pcDNA3.1 (4 μg), pc-MAPK1 (4 μg), si-MAPK1(100 pmol) or si-NC (100 pmol) using Lipofectamine 2000 reagents (Invitrogen), in accordance with the manufacturer's protocol. Cells were then incubated at 37 °C under 5% CO~2~. After incubation 48 h, the transfection efficiency was evaluated using reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Transfected cells were used in subsequent experiments after various incubation times.

Total RNA extraction and RT-qPCR {#S0002-S2004}
--------------------------------

Total RNA was isolated from tissue specimens or cells using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. To quantify miR-675, first strand complementary DNA (cDNA) was synthesized from total RNA using a TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). The temperature protocol for reverse transcription was as follows: 16 °C for 30 min, 42 °C for 30 min and 85 °C for 5 min. Subsequently, quantitative PCR (qPCR) was performed using a TaqMan MicroRNA PCR Kit (Applied Biosystems, Foster City, CA, USA), with U6 small nuclear as an internal reference. The temperature protocols for qPCR was as follows: 50 °C for 2 min, 95 °C for 10 min; 40 cycles of denaturation at 95 °C for 15 sec; and annealing/extension at 60 °C for 60 sec. To analyze MAPK1 mRNA and RMRP expression, total RNA was reverse transcribed into cDNA using a PrimeScript^®^ RT reagent Kit, followed by qPCR using SYBR^®^ Premix Ex TaqTM II (both from Takara Biotechnology CO., LTD., Dalian, China). The temperature protocol for reverse transcription was as follows: 37 °C for 15 min and 85 °C for 5 second. The qPCR was performed with cycling conditions as follows: 5 min at 95 °C, followed by 40 cycles of 95 °C for 30 sec and 65 °C for 45 sec. GAPDH was used as an endogenous control for normalizing MAPK1 and RMRP expression. Relative gene expression was calculated using the 2^−ΔΔCt^ method.[@CIT0028]

The primers were designed as follows: miR-675, 5′-UGGUGCGGAGAGGGCCCACAGUG-3′ (forward) and 5′-TGGTGTCGTGGAGTCG-3′ (reverse); U6, 5′-CTCGCTTCGGCAGCACA-3′ (forward) and 5′-AACGCTTCACGAATTTGCGT-3′ (reverse); RMRP, 5′-ACTCCAAAGTCCGCCAAGA-3′ (forward) and 5′-TGCGTAACTAGAGGGAGCTGAC-3′ (reverse); MAPK1, 5′-TGGATTCCCTGGTTCTCTCTAAAG-3′ (forward) and 5′-GGGTCTGTTTTCCGAGGATGA-3′ (reverse); and GAPDH, 5′-CGGAGTCAACGGATTTGGTCGTAT-3′ (forward) and 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′ (reverse).

Cell counting kit-8 assay {#S0002-S2005}
-------------------------

Transfected cells were collected 24 h after incubation and were inoculated into 96-well plates at a density of 2,000 cells/well. A cell counting kit-8 (CCK-8) assay was used to detect cell proliferation at four time points subsequent to inoculation (0, 24, 48, and 72 h). Briefly, transfected cells were incubated with 10 μL of CCK-8 regent (Dojindo Laboratories, Kumamoto, Japan) for an additional 2 h. Absorbance was measured at 450 nm using a Bio-Rad iMark plate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Transwell migration and invasion assays {#S0002-S2006}
---------------------------------------

Following 48 h of incubation, transfected cells were harvested, washed with PBS, and re-suspended in FBS-free DMEM. For invasion assays, 200 µL of FBS-free DMEM containing 1×10^5^ transfected cells was seeded into the upper compartment of transwell chambers (Corning Incorporated, Corning, NY, USA) that were precoated with Matrigel (BD Biosciences, San Jose, CA, USA). The lower compartments were filled with 500 µL of DMEM containing 20% FBS. After 24 h of incubation, non-invading cells were gently removed using a cotton swab, while the invading cells were fixed in 100% methanol and stained with 0.5% crystal violet. Transwell migration assays were performed using an experimental procedure similar to the invasion assay, except that Matrigel was not used to coat the transwell chamber. Migratory and invasive capacities were determined by counting the number of cells that migrated or invaded in five representative microscopic fields under a light microscope (IX53; Olympus, Tokyo, Japan).

Xenograft tumors in nude mice {#S0002-S2007}
-----------------------------

Nude BALB/c mice (female, 20 g, 4--5 weeks of age) were purchased from Vital River Laboratory Animal Technology (Beijing, China) and maintained in special pathogen-free conditions (25 °C; 50% humidity; 10-h light/14-h dark cycle). TPC-1 cells transfected with miR-675 mimics or miR-NC were collected after 24 h of incubation and then subcutaneously injected into nude mice (n=4 for each group). Two weeks later, the width and length of tumor xenografts that formed in nude mice were measured every 2 days using a Vernier caliper. All nude mice were sacrificed 4 weeks after cell implantation and tumor xenografts were resected and weighed. Tumor volume was calculated according to the formula: volume = (length × width^2^)/2. Animal experimental protocols were approved by the Animal Care Committee of the JinLing Hospital and were performed in accordance with the Animal Protection Law of the People's Republic of China-2009.

Bioinformatic algorithms {#S0002-S2008}
------------------------

LncBase Experimental version 2.0 (<http://carolina.imis.athena-innovation.gr/diana_tools/web/index.php?r=lncbasev2%2findex-experimental>) was employed to predict the miR-675-RMRP axis. The putative targets of miR-675 were determined using TargetScan ([www.targetscan.org](http://www.targetscan.org)) and miRanda ([www.microrna.org](http://www.microrna.org)).

Luciferase reporter assays {#S0002-S2009}
--------------------------

3′-UTR fragments of MAPK1 containing the predicted wild-type (wt) or mutant (mut) miR-675 binding site were amplified by GenePharma (Shanghai, China) and inserted into pMIR-REPOR (Promega Corp., Madison, WI, USA) to generate MAPK1-wt and MAPK1-mut plasmids, respectively. The luciferase reporter plasmids, RMRP-wt and RMRP-mut, were created in a similar manner. Cells were maintained in 24-well plates and co-transfected with the constructed luciferase reporter plasmids and miR-675 mimics or miR-NC using Lipofectamine 2000, as per the manufacturer's instructions. The luciferase activity in the cell lysates was detected 48 h after transfection, using a dual-luciferase reporter assay system (Promega Corp.). Firefly luciferase activity was normalized to Renilla luciferase activity.

Western blotting analysis {#S0002-S2010}
-------------------------

Total protein was extracted from cultured cells using RIPA Lysis and Extraction Buffer (Thermo Fisher Scientific, Waltham, MA, USA) and then quantified using a BCATM Protein Assay Kit (Thermo Fisher Scientific). Equal amounts of protein were separated on 10% SDS-PAGE and transferred to polyvinylidene fluoride membranes (Beyotime Institute of Biotechnology, Shanghai, China). Following blocking by incubation with 5% skimmed milk, membranes were incubated overnight at 4 °C with mouse antibodies against MAPK1 (1:1,000 dilution; sc-81459; Santa Cruz Biotechnology Inc., Dallas, TX, USA) or GAPDH (1:1,000 dilution; sc-32233; Santa Cruz Biotechnology Inc.), followed by further incubation with goat anti-mouse horseradish peroxidase-conjugated secondary antibody (1:5,000 dilution; sc-516132; Santa Cruz Biotechnology Inc.) for 2 h at room temperature. Protein signals were visualized using an Immobilon Western Chemiluminescent HRP Substrate (EMD Millipore, Billerica, MA, USA). GAPDH served as an internal control.

Statistical analysis {#S0002-S2011}
--------------------

Data are shown as mean ± standard deviation. All statistical analyses were performed using a Student's *t*-test when only two groups were compared and using a one-way analysis of variance (ANOVA) when three or more groups were compared. A Student-Newman-Keuls test was used as a post hoc test after ANOVA. The association between miR-675 and clinicopathological parameters in patients with PTC was examined using a Chi square test. The relationship between miR-67*5* and MAPK1 mRNA levels was analyzed by Spearman's correlation analysis. SPSS (version 17.0; IBM Corporation, USA) was used for all statistical analyses and *P*\<0.05 was considered statistically significant for all analyses.

Results {#S0003}
=======

The expression profile of miR-675 in PTC and its correlation with clinicopathological parameters {#S0003-S2001}
------------------------------------------------------------------------------------------------

To determine the role of miR-675 in PTC, we first measured miR-675 expression in 57 pairs of PTC and adjacent normal tissues using RT-qPCR. miR-675 was clearly downregulated in PTC tissues compared to adjacent normal tissues ([Figure 1A](#F0001){ref-type="fig"}, *P*\<0.05). In addition, we also examined the expression of miR-675 in different PTC cell lines. The expression level of miR-675 was lower in all three PTC cell lines (HTH83, BCPAP, and TPC-1) relative to its expression in a normal human thyroid cell line (HT-ori3; [Figure 1B](#F0001){ref-type="fig"}, *P*\<0.05).Figure 1miR-675 is downregulated in PTC tissues and cell lines. (**A**) miR-675 expression was determined in 57 pairs of PTC and adjacent normal tissues using RT-qPCR. \**P*\<0.05 vs normal tissues. (**B**) The expression level of miR-675 was determined in three PTC cell lines (HTH83, BCPAP, and TPC-1) and a normal human thyroid cell line (HT-ori3). \**P*\<0.05 vs HT-ori3.

Based on the median miR-675 expression level in PTC tissues, all patients with PTC were divided into two groups: high miR-675 expression group (miR-675 expression above the median value) and low miR-675 expression group (miR-675 expression below the median value). The association between miR-675 expression and clinicopathological parameters in patients with PTC was explored and the results are shown in [Table 1](#T0001){ref-type="table"}. Lower levels of miR-675 expression were correlated with lymphatic metastasis (*P*=0.001) and TNM stage (*P*=0.007) in patients with PTC. These observations implied that the aberrant downregulation of miR-675 may affect the malignancy of PTC.Table 1The association between miR-675 and clinicopathological parameters in patients with PTCParametersmiR-675 expression*P*LowHigh**Age**0.792 \<60 years1516 ≥60 years1412**Gender**0.585 Male911 Female2017**Tumor size**0.379 \<5 cm1922 ≥5 cm106**Lymphatic metastasis**0.001^a^ Negative1425 Positive153**TNM stage**0.007^a^ I--II1222 III--IV176[^2]

miR-675 suppressed the growth and metastasis of HTH83 and TPC-1 cells in vitro {#S0003-S2002}
------------------------------------------------------------------------------

To explore the function of miR-67*5* in PTC progression, HTH83 and TPC-1 cells, which express relatively low levels of miR-675 among the three PTC cell lines used in this study, were transfected with miR-675 mimics or miR-NC. RT-qPCR analysis demonstrated that miR-675 was markedly overexpressed in HTH83 and TPC-1 cells after transfection with miR-675 mimics ([Figure 2A](#F0002){ref-type="fig"}, *P*\<0.05). CCK-8 assays were performed to evaluate the effects of miR-675 on the proliferation of PTC cells. Ectopic miR-675 expression resulted in a clear decrease in the proliferation of HTH83 and TPC-1 cells when compared with the proliferation of cells transfected with miR-NC ([Figure 2B](#F0002){ref-type="fig"}, *P*\<0.05). Transwell migration and invasion assays indicated that miR-675 expression inhibited the migratory ([Figure 2C](#F0002){ref-type="fig"}, *P*\<0.05) and invasive ([Figure 2D](#F0002){ref-type="fig"}, *P*\<0.05) abilities of HTH83 and TPC-1 cells. These results demonstrated that miR-675 exhibited inhibitory effects on the growth and metastasis of PTC cells.Figure 2miR-675 inhibits HTH83 and TPC-1 cell proliferation, migration, and invasion in vitro. (**A**) RT-qPCR analysis was performed to measure miR-675 expression in miR-675 mimic- and miR-NC-transfected HTH83 and TPC-1 cells. \**P*\<0.05 vs miR-NC. (**B**) CCK-8 assay was used to evaluate the proliferation of HTH83 and TPC-1 cells transfected with miR-675 mimics or miR-NC. \**P*\<0.05 vs miR-NC. (**C, D**) Cellular migratory and invasive capacities were examined by transwell migration and invasion assays in HTH83 and TPC-1 cells after transfection with miR-675 mimics or miR-NC. \**P*\<0.05 vs miR-NC.

miR-675 directly targeted MAPK1 in PTC cells {#S0003-S2003}
--------------------------------------------

To clarify the mechanisms underlying the activity of miR-675 in PTC cells, bioinformatic algorithms (TargetScan and miRanda) were utilized to predict the potential targets of miR-675. Among these candidates, MAPK1 was chosen for further investigation because it is implicated in the pathogenesis of PTC ([Figure 3A](#F0003){ref-type="fig"}).[@CIT0029],[@CIT0030] Luciferase reporter assays were then performed to determine whether the 3′-UTR of MAPK1 could be directly targeted by miR-675 in PTC cells. HTH83 and TPC-1 cells were transiently co-transfected with MAPK1-wt or MAPK1-mut, and miR-675 mimics or miR-NC. After transfection, luciferase reporter assays were performed. Upregulation of miR-675 resulted in the significant downregulation of MAPK1-wt luciferase activity in HTH83 and TPC-1 cells ([Figure 3B](#F0003){ref-type="fig"}, *P*\<0.05), but did not affect MAPK1-mut luciferase activity, suggesting that miR-675 could recognize and bind to the 3′-UTR of MAPK1 in PTC cells.Figure 3MAPK1 is a direct target gene of miR-675 in PTC cells. (**A**) Wild-type (wt) or mutant (mut) miR-675 binding sequences in the 3′-UTR of MAPK1. (**B**) Relative luciferase activity was detected in HTH83 and TPC-1 cells co-transfected with MAPK1-wt or MAPK1-mut and miR-675 mimics or miR-NC. \**P*\<0.05 vs miR-NC. (**C**) RT-qPCR was performed to measure MAPK1 expression in 57 pairs of PTC and adjacent normal tissues. \**P*\<0.05 vs normal tissues. (**D**) Spearman's correlation analysis was used to evaluate the relationship between miR-675 and MAPK1 mRNA expression in PTC tissues. R^2^=0.2823, *P*\<0.0001. (**E, F**) MAPK1 expression at mRNA and protein level was determined in HTH83 and TPC-1 cells transfected with miR-675 mimics or miR-NC. \**P*\<0.05 vs miR-NC.

To further examine the correlation between miR-675 and MAPK1 in PTC, RT-qPCR analysis was performed to measure MAPK1 mRNA expression in PTC tissues. MAPK1 expression was found to be significantly upregulated in PTC tissues ([Figure 3C](#F0003){ref-type="fig"}, *P*\<0.05). In addition, Spearman's correlation analysis demonstrated an inverse correlation between miR-675 and MAPK1 mRNA expression in PTC tissues ([Figure 3D](#F0003){ref-type="fig"}; R^2^=0.2823, *P*\<0.0001). Furthermore, RT-qPCR and Western blotting analysis found that miR-675 decreased MAPK1 expression in HTH83 and TPC-1 cells at both the mRNA ([Figure 3E](#F0003){ref-type="fig"}, *P*\<0.05) and protein ([Figure 3F](#F0003){ref-type="fig"}, *P*\<0.05) levels. These results demonstrated that MAPK1 is a direct target gene of miR-675 in PTC cells.

MAPK1 reintroduction impaired miR-675 mimics-induced suppression of PTC cell proliferation, migration and invasion {#S0003-S2004}
------------------------------------------------------------------------------------------------------------------

To examine the functional relevance of MAPK1 targeting by miR-675, we explored whether restoration of MAPK1 could abrogate the tumor suppressor activity of miR-675 in PTC cells. HTH83 and TPC-1 cells with high levels of miR-675 expression were transfected with the MAPK1 overexpression plasmid, pc-MAPK1, or an empty pcDNA3.1 plasmid. Western blotting analysis showed that MAPK1 protein expression that was reduced by the upregulation of miR-675, was recovered by pc-MAPK1 co-transfection ([Figure 4A](#F0004){ref-type="fig"}, *P*\<0.05). Next, functional experiments indicated that miR-675 overexpression significantly suppressed the proliferation ([Figure 4B](#F0004){ref-type="fig"}, *P*\<0.05), migration ([Figure 4C](#F0004){ref-type="fig"}, *P*\<0.05), and invasion ([Figure 4D](#F0004){ref-type="fig"}, *P*\<0.05) of HTH83 and TPC-1 cells, whereas these suppressive effects were rescued by the restoration of MAPK1 expression. These results clearly showed that miR-675 inhibited the malignant phenotypes of PTC cells, at least partly, by decreasing MAPK1 expression.Figure 4Overexpression of MAPK1 reverses the inhibitory effects of miR-675 overexpression in HTH83 and TPC-1 cells. miR-675 mimics in combination with MAPK1 overexpression plasmid (pc-MAPK1) or empty pcDNA3.1 plasmid were co-transfected into HTH83 and TPC-1 cells. (**A**) After 72 h, MAPK1 protein expression was detected by Western blotting analysis. \**P*\<0.05 vs miR-NC. ^\#^*P*\<0.05 vs miR-675 mimics+pcDNA3.1. (**B**--**D**) CCK-8 and transwell migration and invasion assays were employed to assess the proliferation, migration, and invasion of the abovementioned cells. \**P*\<0.05 vs miR-NC. ^\#^*P*\<0.05 vs miR-675 mimics+pcDNA3.1.

LncRNA RMRP functioned as a sponge of miR-675 in PTC cells {#S0003-S2005}
----------------------------------------------------------

LncRNAs are known as to act as competing endogenous RNAs (ceRNAs) for miRNAs.[@CIT0031] To determine whether miR-675 could be sponged by certain lncRNAs, bioinformatic analysis was performed, which identified a potential miR-675 binding site in RMRP ([Figure 5A](#F0005){ref-type="fig"}). RMRP was selected for further analysis, as RMRP has been found to be closely related with the carcinogenesis and cancer progression.[@CIT0032]--[@CIT0035] Luciferase reporter assays were then performed to determine whether miR-675 targeted RMRP in PTC. The RMRP-wt and RMRP-mut reporter plasmids, along with miR-675 mimics or miR-NC, were transfected into HTH83 and TPC-1 cells. Transfection with miR-675 mimics dramatically suppressed the luciferase activity of RMRP-wt in HTH83 and TPC-1 cells ([Figure 5B](#F0005){ref-type="fig"}, *P*\<0.05), but the luciferase activity of RMRP-mut was not affected by miR-675 upregulation.Figure 5miR-675 is sponged by RMRP in PTC cells. (**A**) The miR-675 binding site in RMRP, as predicted by bioinformatic analysis. (**B**) HTH83 and TPC-1 cells were co-transfected with miR-675 mimics or miR-NC and RMRP-wt and RMRP-mut. Luciferase reporter assays were used to verify the miR-675 binding site in RMRP in HTH83 and TPC-1 cells. \**P*\<0.05 vs miR-NC. (**C**) RMRP expression was determined in 57 pairs of PTC and adjacent normal tissues by RT-qPCR. \**P*\<0.05 vs normal tissues. (**D**) The relationship between miR-675 and RMRP expression in PTC tissues was determined by Spearman's correlation analysis. R^2^=0.3447, *P*\<0.0001. (**E**) RMRP expression in HTH83 and TPC-1 cells transfected with si-RMRP or si-NC was measured by RT-qPCR. \**P*\<0.05 vs si-NC. (**F, G**) miR-675 and MAPK1 and protein levels in RMRP-inhibited HTH83 and TPC-1 cells were detected by RT-qPCR and Western blotting, respectively. \**P*\<0.05 vs si-NC.

To confirm these findings, we first measured RMRP expression in PTC and assessed its relationship with miR-675. The expression of RMRP was found to be elevated in PTC tissues, compared with adjacent normal tissues ([Figure 5C](#F0005){ref-type="fig"}, *P*\<0.05). Furthermore, RMRP expression was inversely correlated with miR-675 expression in PTC tissues ([Figure 5D](#F0005){ref-type="fig"}; R^2^=0.3447, *P*\<0.0001). In addition, treatment with siRNA against RMRP (si-RMRP) decreased RMRP expression ([Figure 5E](#F0005){ref-type="fig"}, *P*\<0.05) and subsequently, increased miR-675 expression ([Figure 5F](#F0005){ref-type="fig"}, *P*\<0.05) in both HTH83 and TPC-1 cells, as indicated by RT-qPCR analysis. Furthermore, Western blotting analysis showed that silencing RMRP expression significantly decreased MAPK1 protein expression in HTH83 and TPC-1 cells ([Figure 5G](#F0005){ref-type="fig"}, *P*\<0.05). Collectively, our data suggested that RMRP directly interacted with miR-675 and regulated MAPK1 expression, possibly by acting as a ceRNA.

Downregulation of lncRNA RMRP inhibited the proliferation, migration, and invasion of HTH83 and TPC-1 cells {#S0003-S2006}
-----------------------------------------------------------------------------------------------------------

To investigate the detailed role of RMRP in the malignancy of PTC, si-RMRP or si-NC were transfected into HTH83 and TPC-1 cells and a series of functional experiments were then performed. CCK-8 assays indicated that the downregulation of RMRP effectively inhibited the proliferation of HTH83 and TPC-1 cells ([Figure 6A](#F0006){ref-type="fig"}, *P*\<0.05). Moreover, RMRP knockdown restricted the migration ([Figure 6B](#F0006){ref-type="fig"}, *P*\<0.05) and invasion ([Figure 6C](#F0006){ref-type="fig"}, *P*\<0.05) of HTH83 and TPC-1 cells. These results demonstrated that RMRP knockdown led to the suppression of cell growth and metastasis in PTC.Figure 6Inhibition of RMRP restricts the proliferation, migration, and invasion of HTH83 and TPC-1 cells. (**A**) CCK-8 assay was performed to measure the proliferation of HTH83 and TPC-1 cells transfected with si-RMRP or si-NC. \**P*\<0.05 vs si-NC. (**B, C**) Migration and invasion of HTH83 and TPC-1 cells transfected with si-RMRP or si-NC were evaluated by transwell migration and invasion assays. \**P*\<0.05 vs si-NC.

Decreasing RMRP expression inhibited the growth and metastasis of HTH83 and TPC-1 cells by sponging mir-675and regulating MAPK1 expression {#S0003-S2007}
------------------------------------------------------------------------------------------------------------------------------------------

To determine whether miR-675 can functionally rescue RMRP function in PTC cells, RMRP decreasing-HTH83 and TPC-1 cells were co-transfected with miR-675 inhibitor or NC inhibitor. Firstly, RT-qPCR analysis showed that transfection of miR-675 inhibitor efficiently silenced miR-675 expression in HTH83 and TPC-1 cells ([Figure 7A](#F0007){ref-type="fig"}, *P*\<0.05). Moreover, the upregulation of miR-675 ([Figure 7B](#F0007){ref-type="fig"}, *P*\<0.05) and the downregulation of MAPK1 protein ([Figure 7C](#F0007){ref-type="fig"}, *P*\<0.05) in HTH83 and TPC-1 cells caused by RMRP knockdown was recovered after co-transfection of miR-675 inhibitor. Furthermore, functional experiments indicated that inhibition of miR-675 partially neutralized the influence of RMRP knockdown on the proliferation ([Figure 7D](#F0007){ref-type="fig"}, *P*\<0.05), migration ([Figure 7E](#F0007){ref-type="fig"}, *P*\<0.05), and invasion ([Figure 7F](#F0007){ref-type="fig"}, *P*\<0.05) of HTH83 and TPC-1 cells. Taken together, these results suggested that inhibition of RMRP could prevent PTC progression by targeting the miR-675/MAPK1 axis.Figure 7RMRP1 regulates PTC cell growth and metastasis by targeting miR-675. (**A**) RT-qPCR analysis was used to determine the transfection efficiency of miR-675 inhibitor in HTH83 and TPC-1 cells. \**P*\<0.05 vs NC inhibitor. (**B, C**) HTH83 and TPC-1 cells were transfected with si-RMRP in the presence of miR-675 inhibitor or NC inhibitor. The expression of miR-675 and MAPK1 protein were detected by RT-qPCR and Western blotting analysis, respectively. \**P*\<0.05 vs NC inhibitor. ^\#^*P*\<0.05 vs si-RMRP+NC inhibitor. (**D**--**F**) CCK-8 assay and transwell migration and invasion assays were performed to examine the proliferation, migration, and invasion, respectively, of HTH83 and TPC-1 cells transfected with si-RMRP in the presence of miR-675 inhibitor or NC inhibitor. \**P*\<0.05 vs NC inhibitor. ^\#^*P*\<0.05 vs si-RMRP+NC inhibitor.

miR-675 inhibited tumor growth in vivo {#S0003-S2008}
--------------------------------------

We next studied the effect of miR-675 upregulation on xenograft tumor growth of PTC cells in nude mice. Tumor volume was reduced in nude mice inoculated with miR-675 compared with those inoculated with TPC-1 cells expressing miR-NC ([Figure 8A](#F0008){ref-type="fig"} and [B](#F0008){ref-type="fig"}, *P*\<0.05). Meanwhile, tumor weight in the miR-675 mimic group was significantly less than in the miR-NC group ([Figure 8C](#F0008){ref-type="fig"}, *P*\<0.05). In addition, miR-675 expression was detected in dissected tumor xenografts and miR-675 expression remained upregulated in tumor xenografts derived from miR-675 mimic-transfected TPC-1 cells ([Figure 8D](#F0008){ref-type="fig"}, *P*\<0.05). Furthermore, the protein expression of MAPK1 in tumor xenografts was examined using Western blotting. MAPK1 protein levels were lower in miR-675-overexpressing tumor xenografts ([Figure 8E](#F0008){ref-type="fig"}, *P*\<0.05). In summary, these findings revealed that miR-675 was able to hinder PTC tumor growth in vivo.Figure 8miR-675 suppresses PTC tumor growth in vivo. (**A**) miR-675 mimics or miR-NC were transfected into TPC-1 cells and then injected to nude mice. A representative image of tumor xenografts is shown. (**B**) Tumor growth was determined by measuring tumor volume every 2 days for 4 weeks. \**P*\<0.05 vs miR-NC. (**C**) All nude mice were sacrificed at the experimental end point. Tumor xenografts were then obtained and weighed. \**P*\<0.05 vs miR-NC. (**D**) The expression level of miR-675 in the miR-675 mimics and miR-NC groups was detected by RT-qPCR. \**P*\<0.05 vs miR-NC. (**E**) MAPK1 protein expression in the miR-675 mimics and miR-NC groups was determined by Western blotting. \**P*\<0.05 vs miR-NC.

Discussion {#S0004}
==========

Recent studies have demonstrated that numerous miRNAs are dysregulated in PTC.[@CIT0036]--[@CIT0039] The dysregulated miRNAs and their direct target genes consist of a complex network, which are implicated in the initiation and progression of PTC by regulating a range of biological processes.[@CIT0040]--[@CIT0042] Hence, further investigation on the biological roles of dysregulated miRNAs in PTC may contribute toward the development of effective therapeutic targets for patients with PTC. To the best of our knowledge, this is the first study investigating the role of miR-675 in PTC.

miR-675 is upregulated in multiple types of human cancer. For instance, miR-675 is highly expressed in breast cancer and its level of expression is significantly correlated with tumor grade[@CIT0023] miR-675 is also overexpressed in head and neck squamous cell carcinoma,[@CIT0024] bladder cancer,[@CIT0025] and hepatocellular carcinoma.[@CIT0026],[@CIT0027] In contrast, miR-675 is expressed at low levels in non-small cell lung cancer,[@CIT0043] adrenocortical adenoma,[@CIT0044] prostate cancer,[@CIT0045] pancreatic cancer,[@CIT0046] and glioma.[@CIT0047] However, the expression status of miR-675 in PTC remains unknown. In this study, we used RT-qPCR to investigate the expression pattern of miR-675 in PTC. miR-675 was found to be downregulated in both PTC tissues and cell lines. Decreased miR-675 expression presented an obvious association with lymphatic metastasis and TNM stage in PTC patients. These findings suggest that miR-675 is a potential biomarker for the diagnosis and prognosis of PTC. However, in this study, we did not use TCGA database to determine the expression profile of miR-675 in PTC and identify its association with clinical parameters of patients with PTC. It was a limitation of our study, and we will resolve it in the near future.

miR-675 overexpression increases cell proliferation and migration in vitro and promotes tumor growth and metastasis in vivo.[@CIT0048] In bladder cancer, miR-675 inhibition attenuates cell proliferation and induces cell cycle arrest and apoptosis.[@CIT0025] miR-675 also acts as an oncogene in colon cancer[@CIT0049] and hepatocellular carcinoma.[@CIT0026],[@CIT0027] In contrast, miR-675 has been identified as a tumor suppressor in non-small cell lung cancer by affecting cell proliferation, colony formation, and metastasis in vitro and tumor growth in vivo.[@CIT0043] In pancreatic cancer, miR-675 upregulation suppresses cell growth and metastasis and increase apoptosis in vitro.[@CIT0046] miR-675 also plays tumor-suppressing roles in prostate cancer[@CIT0045] and glioma.[@CIT0047] However, the detailed roles of miR-675 in the development of PTC remain unclear. In the current study, functional analysis showed that enforced miR-675 expression repressed PTC cell proliferation, migration and invasion in vitro as well as hindered tumor growth in vivo. These findings suggest that miR-675 is a potential therapeutic target in patients with PTC.

A variety of genes, including p53,[@CIT0025] Cdc25A,[@CIT0026] AKT,[@CIT0027] GPR55,[@CIT0043] TGFBI,[@CIT0045] ZEB1,[@CIT0046] CDK6,[@CIT0047] c-Cbl,[@CIT0048] and Cbl-b,[@CIT0048] have been shown to be direct targets of miR-675. MAPK1, a member of the mitogen activated protein kinase signaling cascade, was identified as a novel direct target of miR-675 in PTC cells. RMRP acted as a ceRNA to modulate MAPK1 expression by sponging miR-675. MAPK1 is a well-known oncogene and is overexpressed in various types of human cancer, such as lung cancer,[@CIT0050] ovarian cancer,[@CIT0051],[@CIT0052] cervical cancer,[@CIT0053] gastric cancer,[@CIT0054] myeloma,[@CIT0055] and sacral chordoma.[@CIT0056] Expression of MAPK1 is also increased in PTC and the deregulation of MAPK1 plays a crucial role in the development of PTC by regulating important pathological processes.[@CIT0029],[@CIT0030] Here, we showed that miR-675 directly targets MAPK1 to inhibit PTC progression in vitro and in vivo. Accordingly, miR-675-mediated inhibition of MAPK1 may be an effective therapeutic technique for PTC patients in the future.

RMRP is upregulated in bladder cancer and its downregulation is inversely associated with tumor size and lymph node metastasis.[@CIT0032] Bladder cancer patients with high levels of RMRP expression have a shorter survival period than patients with low levels of RMRP expression.[@CIT0032] RMRP expression is increased in gastric cancer and increased RMRP expression is correlated with Borrmann classification and metastasis.[@CIT0033] RMRP is also highly expressed in neonatal neuroblastoma[@CIT0034] and lung cancer.[@CIT0035] RMRP exerts oncogenic roles in cancer pathogenesis and progression via different mechanisms depending on the cancer type.[@CIT0032]--[@CIT0035] Here, we demonstrated that RMRP inhibition suppressed the oncogenicity of PTC by sponging miR-675 and regulating MAPK1 expression. Hence, targeting RMRP, which may result in miR-675 upregulation and MAPK1 downregulation, may be an attractive therapeutic technique for patients with PTC.

Conclusion {#S0005}
==========

In summary, our studies showed that miR-675 is downregulated in PTC tissues and cell lines. Downregulation of miR-675 was closely associated with poor prognosis in patients with PTC. miR-675 directly targets MAPK1 and is sponged by lncRNA RMRP to inhibit the malignancy of PTC in vitro and in vivo. These findings may provide a novel mechanism for PTC pathogenesis and suggest that miR-675 is a promising therapeutic target for patients with this disease.
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